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Abstract

Context Protected areas are a cornerstone of the

global strategy for conserving biodiversity, and yet

their efficacy in comparison to unprotected areas is

rarely tested. In the highly fragmented forests of

temperate regions, landscape context and forest his-

tory may be more important than protection status for

plant species diversity.

Objectives To determine whether there are differ-

ences in plant diversity between protected areas and

private lands while controlling for landscape context,

forest age, and other important factors.

Methods We used a database of 156 one-hectare

forest plots distributed over 120,000 km2 in the

fragmented forests of southern Ontario to test whether

protected areas and private forests differed in native

species richness, relative abundance of exotic species,

and the probability of finding species of conservation

concern.

Results Plots with more forest on the surrounding

landscape had higher native species richness, lower

abundance of exotic species, and greater probability of

supporting at least one species of conservation con-

cern. Young forests tended to have higher abundance

of exotics, and were less likely to support species of

conservation concern. Surprisingly, privately owned

forests had greater native species richness and were

more likely to support species of conservation concern

once these other factors were accounted for. In

addition, there were significant interactions between

ownership type, forest history, and landscape context.

Conclusions Our results highlight the importance of

privately owned forests in this region, and the need to

consider forest history and landscape context when

comparing the efficacy of protected areas versus

private land for sustaining biodiversity.

Keywords Exotic plants � Forest � Forest age � Forest
area � Landscape context � Native plants � Rare plants �
Species-at-risk

Introduction

The designation of protected areas (PAs) is a major

strategy for conserving biological diversity, and a key

goal of the Convention on Biological Diversity

(Gaston et al. 2008; Juffe-Bignoli et al. 2014).
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However, there have been relatively few rigorous tests

of the efficacy of PAs relative to privately owned and/

or unprotected lands in maintaining biodiversity

(Gaston et al. 2008; Rayner et al. 2014). Rayner

et al. (2014) reviewed 539 studies that assessed PA

performance, finding that less than 5% directly

quantified PA effectiveness for maintaining biodiver-

sity. A meta-analysis of studies providing data on

species abundance or richness in protected and

unprotected sites found an overall positive effect size

for protection, but this effect was not significant for

plants (Coetzee et al. 2014).

Part of the problem is the scarcity of biological

surveys on private lands (Knight 1999; Hilty and

Merenlender 2003;Wilcove et al. 2004). This prevents

comparison with PAs, and may lead to underestima-

tion of the importance of private lands for conserva-

tion (Wilcove et al. 2004). The general assumption is

that unprotected areas tend to have less diversity and

more invasion, possibly because of more intensive

management or more frequent human disturbance. On

the other hand, many non-protected areas may be

managed in ways that maintain plant and animal

populations. In some cases, private lands have been

found to support higher levels of biodiversity than PAs

(e.g. Richart and Hewitt 2008; Rayner et al. 2014). It is

important to test the efficacy of PAs and private land in

maintaining biodiversity in order to better understand

how to maintain biodiversity and where to focus

conservation money and effort.

PAs can have higher levels of biodiversity for two

main reasons (Coetzee et al. 2014). First, they may be

managed to maintain diversity, either by minimizing

disturbances or by active management such as inva-

sive species removal or prescribed burns. For example,

protected forest sites in New England had significantly

lower rates of disturbance and higher aboveground

biomass than nearby private forests (Zhang et al.

2010). Second, PAs may have been designated in areas

that already had higher abundance or diversity of

target organisms. High diversity is not due to protec-

tion from disturbance or any special management, but

a result of geographic, climatic, or landscape condi-

tions that favour it. For example, plant species richness

may be positively correlated with the total amount of

natural habitat found within a certain distance of a

focal patch (e.g. Piessens et al. 2004). Small, isolated

patches experience greater extirpation rates because

they are too far from seed sources for recolonization

(e.g. Grashof-Bokdam and Geertsema 1998). PAs may

have higher plant diversity simply because they tend to

be designated in areas with high amounts of natural

habitat on the surrounding landscape. In addition, the

history of disturbance at a particular site can influence

its current level of biodiversity (e.g. Graae and Sunde

2000; McDonald et al. 2008; Brown and Boutin 2009).

In this case, PAs may not have significantly higher

diversity than private sites once these effects of

landscape context and history are taken into account.

Temperate deciduous forests contain substantial

plant diversity, but they have been severely reduced in

size due to clearance by humans for lumber, agricul-

ture, and urban land use (Reich and Frelich 2002).

Many studies have examined the effects of habitat

loss, fragmentation, eutrophication, fire suppression,

and the introduction of exotic species on plant

diversity and composition in temperate deciduous

forests (e.g. Wilcove et al. 1986; Whigham 2004;

Verheyen et al. 2012). Temperate forest systems are

overrepresented in studies of long-term, local-scale

change in plant diversity compared to tropical forests

(Vellend et al. 2013). However, there have been

surprisingly few tests comparing plant diversity in PAs

versus private lands in temperate forests. In their

global meta-analysis, Coetzee et al. (2014) compiled

over 100 studies that compared plant diversity inside

and outside PAs, but only two were in temperate

regions, both from grasslands in Europe.

In this study we test differences in native plant

species richness, exotic plant abundance, and the

occurrence of plant species of conservation concern

between protected and private forests in 156 plots

scattered over approximately 120,000 km2 in southern

Ontario, Canada (Fig. 1). Forests in this region are

highly fragmented due to massive forest clearance

since European settlement in the 1800 s (Larson et al.

1999). However, in some areas forest has regenerated

on former agricultural sites. Our plots vary in the

extent of forest on the surrounding landscape and in

age, with some sites having regenerated since the mid-

1950s. We use this extensive dataset to test whether

ownership type (protected or private) affects current

plant diversity after landscape context, forest age, and

other potentially important factors are accounted for.

If PAs in our study region are being successfully

managed to maximize native plant diversity, we

predicted that forest plots within PAs would have

significantly higher native plant species richness,
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lower relative abundance of exotic species, and higher

probability of containing species of conservation

concern, even after controlling for landscape context

and other factors. Alternatively, if the main determi-

nants of plant diversity in this region are landscape

context and history, regardless of protection status, we

predicted that ownership type would not be a signif-

icant predictor of plant biodiversity once these factors

were accounted for.

Methods

Southern Ontario is part of the mixedwood plains

ecozone, the smallest ecozone in Ontario (Crins et al.

2009). The region makes up less than 1% of Canada’s

total land area, yet it is home to roughly 35% of

Canada’s human population (Ontario Biodiversity

Council 2010). Forest cover in the region was

approximately 90% prior to European settlement, but

now ranges from 7 to 40% (Larson et al. 1999). Most

of the remaining forest is privately owned. Southern

Ontario is one of Canada’s biodiversity hotspots, and

one of the three most important regions in Canada for

conservation of endangered species (Kerr and Deguise

2004; Warman et al. 2004).

We surveyed 156 one-hectare forest plots in 2014

and 2015 (May–August of each year) (Fig. 1) as part

of a study testing the efficacy of species distribution

models (SDMs) for predicting suitable habitat for rare

plant species of the region (McCune 2016). We chose

potential plot locations randomly from a pool of sites

predicted to be suitable for one or more species of

conservation concern based on SDMs built for each

species. The final selection of plots depended on

obtaining landowner permission.We sampled as many

plots as we could over the two seasons. We thoroughly

searched each plot and recorded every species of

vascular plant present. Each survey took 3–10 per-

son h; our surveys were exhaustive to ensure the best

chance of detecting rare species if present. We

estimated the abundance of each species using a

coarse categorical scale of 1 (very rare, two or fewer

individuals)–5 (dominates the plot). We lumped taxa

at the genus level if species could not be reliably

distinguished. We define species of conservation

concern as those vascular plant species listed as S1

(extremely rare with 1–5 known populations in

Ontario), S2 (very rare with 6–20 known populations)

or S3 (rare to uncommon with 21–80 known popula-

tions) by the Natural Heritage Information Centre of

Ontario (Oldham and Brinker 2009).

The original purpose of the surveys was not to test

for differences in plant diversity between PAs and

privately owned land. However, this large observa-

tional study provides a spatially extensive, uniformly

collected and detailed dataset with which to model the

effect of land ownership while accounting for

Fig. 1 Inset map of the

study area (shaded) within

eastern North America.

Main: locations of surveyed

one-hectare forest plots.

Darker shading indicates

forest cover
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landscape context and other variables. One hundred

and ten plots were located within privately owned

forests, while forty-six were located within PAs. PAs

included conservation areas owned by Conservation

Authorities, county forests owned by municipalities,

and nature preserves owned by non-profit

organizations.

We gathered information on the characteristics of

each surveyed plot to account for other factors known

to affect plant diversity. We measured the total area of

forested habitat within a 500 m radius of each plot

based on the wooded layer of the Southern Ontario

Land Resource Information System in ArcGIS

(SOLRIS; Smyth 2008). A distance of 500 m is

considered the maximum dispersal distance for tem-

perate woodland understory plants, and the amount of

forest within this distance has been shown to be a good

representation of isolation (Petit et al. 2004; McCune

and Vellend 2015; see also Fahrig 2013). We then

measured the total area of forested habitat within

500 m of each plot in 1954 using aerial photographs

digitized and georectified in ArcGIS. We used these

historical aerial photos to determine whether the

majority of each plot was located in closed canopy

forest in 1954 (old forest), or whether the plot

consisted entirely or mainly of non-forest habitat

(crop or pasture land) in 1954 that had since regen-

erated (young forest).

Patch area and the distance to the nearest forest

edge may also affect forest diversity (Pellissier et al.

2013; Kimberley et al. 2014), so we also measured

these for each plot based on the SOLRIS wooded

layer. However, we found that both of these measures

were quite strongly correlated with total area of

forested habitat. We therefore decided to include only

the latter as the response variable representing land-

scape context, to minimize collinearity amongst

predictors. However, we note that any significant

effect of total area of forested habitat could also

potentially be ascribed to these correlated metrics.

More complex topography may provide more

niches and therefore increase plant diversity (Small

and McCarthy 2005; Moeslund et al. 2013). We

calculated an index of topographic complexity for

each plot using 5 m contour lines in ArcGIS. First we

determined the minimum sinuosity for all contours

within each plot, where sinuosity is the length of a line

divided by the shortest distance between the two

endpoints. We took the inverse of this measure, such

that plots with an inverse sinuosity near one had a very

high variation in aspect, whereas plots with an inverse

sinuosity of zero had no variation in aspect. Second,

wemeasured the total length of all contour lines within

the plot, and divided by the maximum total length

found in any plot to give an index of steepness, with

the steepest plot having a steepness of one. We added

the sinuosity index and the steepness index to give a

total for topographic variation within each plot. We

determined the latitude of each plot to account for the

well-known north–south gradient in species richness.

Finally, we noted the calendar day on which each plot

was surveyed in order to account for potential changes

in species richness as the season progressed (e.g.

spring ephemerals, late-season species).

The response variables for our analyses include

native plant species richness, relative abundance of

exotic plants (summed abundance of all exotic species

divided by summed abundance of all species) and the

presence or absence of at least one species of

conservation concern. The explanatory variables

included latitude, day of survey, amount of forest

within 500 m (present and past), forest age, topo-

graphic complexity, and land ownership type. All

variables were minimally inter-correlated (r B 0.42,

variance inflation factors B1.65) except for the

amount of forest within 500 m in the present and in

the past (r = 0.80). We used Spearman’s rank corre-

lation tests to check which of these two variables was

most strongly correlated with each response variable,

and in all cases forest area in 1954 had a stronger

correlation. Therefore, we used only past forest area in

all our analyses (see Online Appendix S1 in Supple-

mentary Materials). We standardized all continuous

predictor variables by scaling them by their mean and

standard deviation prior to the analyses.

Our analytical approach involved three steps.

Because our study is observational, we used regression

modelling to test for an effect of land ownership while

accounting for the other potentially important factors.

First, we aimed to find a reasonable model for each of

our response variables, based on our candidate

predictors and potential interactions between them.

We built three models, one for native species richness,

one for the relative abundance of exotics and one for

the presence or absence of species of conservation

concern. Models for native species richness and

relative abundance of exotics met the assumptions

for a linear model. To model presence or absence of
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species of conservation concern we used a logistic

regression (generalized linear model with a binomial

link function). For each response variable, we began

with all the explanatory variables and all pairwise

interactions between them. We then used backward

stepwise model selection (using the stepAIC function

in R) to determine the single variables and pairwise

interactions in the ‘best’ model based on Akaike’s

Information Criterion (AIC). We checked model

residuals for spatial autocorrelation using spline

correlograms, and if spatial autocorrelation was

detected we incorporated a spatial autocovariate into

the model (Dormann 2007; Bardos et al. 2015).We are

aware that some authors consider stepwise model

selection to be an inferior model selection tool.

However, others have shown that it performs similarly

to more complicated all-subset model selection meth-

ods (Murtaugh 2009), and our goal was simply to find

an adequate model upon which to condition further

tests (Banner and Higgs 2017). If land ownership did

not appear in the selected model, we would conclude

that land ownership was not likely an important factor

for the response variable in question. For models of

native species richness and the relative abundance of

exotics, we report the adjusted R2 as a measure of the

model’s goodness-of-fit. For the logistic model, we

report AUC (area under the receiver-operating curve;

Swets 1988) as a measure of the model’s classification

accuracy.

Next, we tested the importance of each factor or

interaction in the selected reasonable model while

accounting for all other factors using the ‘drop1’ test in

R, which performs marginal fitting of terms by

comparing the full model to a model excluding the

factor in question. We were primarily interested in

land ownership, but we performed this test for all

factors and interactions in the selected model. We

report the results of F-tests or v2 tests and the AIC

values for each model comparison.

Finally, in order to visualize the size and direction

of the influence of important factors or interactions on

the response variables, while holding all other factors

constant, we created partial regression plots. All

analyses were carried out in R (R Foundation for

Statistical Computing, Vienna, Austria), using the

‘ncf’ package for producing correlograms and the

‘spdep’ package for computing spatial autocovariates.

We used the ‘visreg’ package in R (Breheney and

Burchett 2013) to create partial regression plots.

Results

Forty-five percent of privately owned plots and 28% of

PA plots were in young forest. The median amount of

forest within 500 m of the plot in 1954 was 19.2 ha for

privately owned plots and 41.0 ha for PA plots. In

total, we recorded 705 vascular plant species (551

forbs/grasses/ferns, 80 shrubs and 74 trees). Total

species richness per plot ranged from 30 to 176 with a

mean of 90 species. Plots on private and protected land

both had an average of 72.5 native species. Nonethe-

less, once all the other important predictors were

accounted for, land ownership was a significant

predictor of native species richness, with private sites

tending to have higher native species richness (pre-

dicted values: 71.2 species for protected sites, 77.2

species for private sites, all other factors held at their

median; Table 1; Fig. 2). Native species richness

declined at higher latitudes, and increased with

increasing forest coverage within 500 m in 1954

(Table 1). There were also two significant interactions

(Table 1; Fig. S4 in Supplementary Materials).

The relative abundance of exotics ranged from

1.3% to 43.6% with a mean of 15.3%. Plots on private

land had an average exotic relative abundance of

16.0% while plots on protected land averaged 13.5%.

However, there was an interaction between ownership

type and forest age, whereby private sites had higher

relative abundance of exotics than protected sites only

in old forests (Table 2; Fig. 3). In young forests,

protected sites had higher abundance of exotic plants

than private sites (Fig. 3). The relative abundance of

exotic species declined with increasing forest area

within 500 m and survey date, and increased with

increasing topographic complexity, all else being

equal (Table 2; Fig. S5 in Supplementary Materials).

Forty-two of 156 plots (27%) contained at least one

plant species of conservation concern. Eleven of 46

plots within PAs (23.9%) contained at least one of

these species, compared to 31 of 110 plots on private

land (28.2%). However, the model for presence/

absence of species of conservation concern included

significant interactions between ownership type and

forest age, as well as ownership type and the area of

forest within 500 m (Table 3; Fig. 4). The likelihood

of finding at least one species of conservation concern

increased with the amount of forest on the surrounding

landscape, but rare plants were seldom found on

protected lands where the forest is young (Fig. 4).
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Only one of 13 plots on protected land in young forests

contained a rare plant (7.7%), compared to 11 of 50

young forest plots on private land (22%). Plots with

greater than 40 hectares of forest within 500 m in 1954

on protected land and in old forest had a very high

predicted likelihood of species of conservation con-

cern being present (Fig. 4). In plots with less than

40 ha of forest cover within 500 m, plots on privately

owned sites had a higher likelihood of supporting a

species of conservation concern than protected sites.

There were also interactions between ownership type

and latitude and ownership type and topographic

variation (Fig. S6 in Supplementary Materials).

Discussion

The efficacy of PAs and privately owned land in

conserving terrestrial biodiversity cannot be accu-

rately compared without accounting for landscape

context and history. Our data show that landscape

context and forest age are important predictors of plant

diversity in the fragmented forests of southern

Ontario. Nonetheless, land ownership has an effect

even when forest age and landscape context are

accounted for, in particular via important interactions

between land ownership type and these predictors. The

effect of ownership type was in the opposite direction

than expected, with privately-owned sites tending to

have higher native species richness and a higher

likelihood of supporting a species of conservation

concern than sites within PAs, all else being equal.

The total amount of forest within 500 m was a

significant predictor for all three response variables.

Plots with more forest on the surrounding landscape

tended to have higher native species richness, lower

relative abundance of exotic species, and a higher

likelihood of supporting at least one species of

Table 1 Model coefficients and results of drop1 test for each factor included in the best model for native species richness

Factora Coefficient SE AICb Pc

Intercept only -0.49 0.23 -58.313 NA

Ownership type (protected, private) 0.74 0.28 -53.008 0.009

Forest age (young, old) 0.30 0.28 -59.026 0.273

Latitude -0.49 0.08 -21.749 \0.001

Day of survey -0.11 0.11 -59.345 0.342

Forest area within 500 m (1954) 0.52 0.14 -46.893 \0.001

Ownership type 9 Forest age -0.50 0.34 -57.995 0.141

Ownership type 9 Day of survey 0.55 0.14 -44.405 \0.001

Forest age x Forest area within 500 m (1954) -0.27 0.17 -57.599 0.112

Latitude 9 Day -0.26 0.08 -48.910 0.001

a All factors included in the best model according to backward stepwise model selection. Adjusted R squared for the full

model = 0.35 on 146 degrees of freedom
b AIC of the model including all factors except the one being tested
c p value based on an F-test comparing the full model with a model excluding the factor
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Fig. 2 Partial regression plot based on the best model for native

species richness showing the predicted difference in native

species richness for protected versus privately-owned sites, with

all other factors held constant at their median
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conservation concern. This is consistent with studies

fromGreat Britain (Petit et al. 2004), British Columbia

(McCune and Vellend 2015), and Massachusetts

(McDonald et al. 2008). Sites with more forest on

the surrounding landscape benefit from greater forest

connectivity and greater distance from agricultural or

residential sources of disturbance, and it is difficult to

disentangle these two effects. Whatever the mecha-

nism, native forest plant diversity tends to be higher in

places with more forest on the surrounding landscape.

The age of a forest is also an important predictor of

plant diversity. Sites in forests that had regenerated on

former agricultural fields or pastures since the mid-

1950s tended to have a higher abundance of exotic

Table 2 Model coefficients and results of drop1 test for each factor included in the best model for relative abundance of exotics

Factora Coefficient SE AICb Pc

Intercept only 0.86 0.21 -91.04 NA

Ownership type (protected, private) -0.81 0.26 -82.33 0.002

Forest age (young, old) -1.27 0.25 -67.72 \0.001

Latitude 0.41 0.07 -57.64 \0.001

Day of survey -0.28 0.10 -83.95 0.004

Forest area within 500 m (1954) -0.55 0.13 -73.75 \0.001

Topographic variation 0.35 0.11 -82.19 0.002

Spatial autocovariate 0.17 0.06 -84.92 0.007

Ownership type 9 Forest age 1.14 0.31 -78.49 \0.001

Ownership type 9 Topographic variation -0.19 0.13 -90.67 0.143

Forest age 9 Day of survey 0.24 0.12 -88.76 0.049

Forest age 9 Forest area within 500 m (1954) 0.26 0.15 -89.96 0.095

Latitude 9 Forest area -0.21 0.06 -77.58 \0.001

Day of survey 9 Topographic variation 0.09 0.07 -90.87 0.161

a All factors included in the best model according to backward stepwise model selection. Adjusted R squared for the full

model = 0.49 on 142 degrees of freedom
b AIC of the model including all factors except the one being tested
c p-value based on an F-test comparing the full model with a model excluding the factor
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species, and lower likelihood of supporting a species

of conservation concern. The legacy of past agricul-

tural land use on regenerating forests can affect plant

community diversity and composition for decades or

even longer (Matlack 1994; Dupouey et al. 2002; Flinn

and Vellend 2005; McDonald et al. 2008; Brown and

Boutin 2009).

The model for presence or absence of at least one

species of conservation concern revealed interesting

interactions between land ownership and landscape

context, and land ownership and forest age (Fig. 4).

For privately owned sites, as the amount forest in the

surrounding landscape increased, there was a gradual

increase in the predicted likelihood of finding a species

Table 3 Model coefficients and results of drop1 test for each factor included in the best model for the presence or absence of at least

one plant species of conservation concern

Factora Coefficient SE AICb Pc

Intercept only -135.80 111.47 130.96 NA

Ownership type (protected, private) 134.42 111.48 152.66 \0.001

Forest age (young, old) 69.30 57.07 139.43 0.001

Latitude -106.55 88.31 150.62 \0.001

Day of survey 7.66 5.62 132.23 0.070

Forest area within 500 m (1954) 28.72 24.51 133.17 0.040

Topographic variation 1.50 2.25 129.79 0.363

Spatial auto covariate 1.61 0.66 145.20 \0.001

Ownership type 9 forest age -69.65 57.07 139.83 \0.001

Ownership type 9 latitude 104.71 88.30 144.04 \0.001

Ownership type 9 day of survey -6.76 5.61 131.10 0.143

Ownership type 9 forest area within 500 m (1954) -28.08 24.51 132.06 0.078

Ownership type 9 topographic variation -3.10 2.25 134.45 0.019

Latitude 9 day of survey 1.49 0.51 141.61 \0.001

Latitude 9 topographic variation -1.73 0.79 136.62 0.006

a All factors included in the best model according to backward stepwise model selection. AUC (area under the receiver-operating

curve) for the full model is 0.91 (see Swets 1988)
b AIC of the model including all factors except the one being tested
c p-value based on an v2-test comparing the full model with a model excluding the factor

●●● ●● ●●

●●●●

●● ● ●● ●●● ●●● ●

●

●● ● ●● ● ●●● ● ●

●●

●●●

●

●●

● ●●

0 20 40 60 80

(a) protected sites

0.0

0.2

0.4

0.6

0.8

1.0

Forest age

old
young

●●● ● ●●● ● ●●●

● ●●●● ●

● ● ●

●

●

●

● ●

●●

● ● ●●

● ● ●●

●● ●● ● ●●● ●● ●● ●

●

●

●

●●●

●

●

●

●●● ●● ● ●●● ●●

●

●

● ●

●

●●

● ●● ● ●

●●

●● ●● ● ●● ●● ●

● ●

●

●

●●

●

● ●● ●● ●●

●

●

●

●

0 20 40 60 80

(b) private sites

Area of forest within 500m in 1954 (ha)

P
ro

ba
bi

lit
y 

of
 fi

nd
in

g 
at

 le
as

t o
ne

sp
ec

ie
s 

of
 c

on
se

rv
at

io
n 

co
nc

er
n

Fig. 4 Partial regression

plot based on the best model
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conditioned by land
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median. Open circles are the
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on leave one out cross-
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of conservation concern, regardless of forest age. For

protected areas in old forests, there was a distinct

threshold around 40 hectares after which the proba-

bility of supporting a species of conservation concern

was very high. Young, protected forests had a very low

probability of hosting a species of conservation

concern, regardless of the landscape context. Kimber-

ley et al. (2014) detected a similar effect in deciduous

forests in Great Britain, where the average rarity of

species in a plant community increased with greater

patch area only in older forests. Interestingly, 40 ha is

a threshold that has been noted repeatedly in the

literature. McCune (2016) found that two of eight rare

forest plant species never occurred in areas with less

than 40 ha of forest within 500 m of a site. Similarly,

Digiovinazzo et al. (2010) found that the number of

forest indicator species in northern Italian forests

reached a plateau at a patch size of 35–40 ha, and

Boetsch et al. (2003) found that a rare plant of the

southern Blue Ridge Mountains of the US did not

occur in patches of suitable habitat less than 40 ha in

size.

It is important to note that the species of conser-

vation concern have been designated as such because

of their low number of populations within Ontario, but

they have different reasons for their rarity and

different ecological requirements and life history

strategies (e.g. Rabinowitz 1981). For example, Cor-

nus florida (S2) and Castanea dentata (S2) are both

trees that were formerly quite common before they

were decimated by fungal diseases. Other species,

such as the understory herbs Lithospermum latifolium

(S3) and Stylophorum diphyllum (S1), may have been

much more common before the extreme loss of

floodplain forest habitat they favour, whereas the fern

Asplenium scolopendrium (S3) may have always been

relatively rare due to its specialization on limestone

substrates. Thus, different species of conservation

concern require different conditions to promote their

survival and expansion. However, we did not see any

obvious difference between the types of rare species

occurring in PAs and private forest, with most species

occurring on both land ownership types.

There are a number of potential explanations for the

effects of land ownership type we observed. First,

privately owned sites may support more native species

on average, but these may tend to be ‘‘weedy’’,

disturbance-associated natives, while PAs support

more sensitive late-successional species. For example,

Maslo et al. (2015) showed that different guilds of rare

bird species in New Jersey tended to concentrate in

forests of different ownership, with early-successional

species relying more heavily on privately owned

forests. To test this, we modeled the average coeffi-

cient of conservatism of each of our plots in the same

way as we modeled native species richness. The

coefficient of conservatism ranges from 0 to 10, and is

assigned to each species by experts based on habitat

fidelity. Species tolerant of a wide range of conditions

including highly disturbed areas have a coefficient of

conservatism of 0–3, while species found only in a

very narrow range of late-successional conditions

receive a 9 or 10, with intermediate species in between

(Oldham et al. 1995; Matthews et al. 2015). Privately

owned plots in our study had amean plot-level average

coefficient of conservatism of 4.24, while plots in PAs

had a mean of 4.48 (significantly higher, Wilcoxon

rank sum test p\ 0.05). However, once the other

predictors were accounted for, land ownership was not

a significant predictor of average coefficient of

conservatism (see Appendix S3 in Supplementary

Materials). The most important predictors of the

average coefficient of conservatism were forest age,

area of forest within 500 m, and latitude. Therefore,

PAs in our dataset do not harbour significantly more

conservative forest species than private sites, all else

being equal.

Second, the patterns we observed could reflect

differing levels of human visitors in PAs compared to

privately owned sites. Both private sites and PAs in

our sample experience a wide range of management

practices, but we lack data to measure this. For

example, some private woodlots undergo frequent

selective logging, while others are used only for

hunting or nature walks. Similarly, some of the PAs in

our study have limited public access, but many are

open access and favourite recreational areas for nearby

urban populations. In 2000, the 500 conservation areas

across Ontario had just over 5.7 million visitors

(Baldin et al. 2015). This high level of recreational use

could explain the higher abundance of exotic species

we observed in young forests within PAs relative to

young, privately owned sites, if visitors are maintain-

ing open, disturbed areas and/or helping to disperse

seeds of exotic species. This could also lead to lower

species richness of native species in highly visited

PAs, and lower likelihood of finding species of

conservation concern in young protected sites with
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little forest on the surrounding landscape. Human

disturbance via recreation is one of the greatest threats

to plant species-at-risk in Canada (McCune et al.

2013).

Finally, the effect of land ownership could be due to

correlation with unmeasured abiotic variables. Local

abiotic conditions including soil pH, soil nutrient

levels, and degree of shading are known to be

important determinants of forest composition and

diversity (e.g. Small and McCarthy 2005; Kimberley

et al. 2014). For example, if forests on privately owned

sites in our sample had higher average soil nitrogen

availability than forests in PAs, this could be the cause

of the greater native species richness in privately

owned plots after accounting for landscape context,

forest age, latitude and topography. The designation of

PAs is often more opportunistic than strategic, and

less-fertile lands not desired for agriculture are more

easily acquired and protected (Scott et al. 2001; Ray-

ner et al. 2014; Maslo et al. 2015). We did not measure

local soil conditions at our sites, and so we cannot

determine whether this is the case. However, an

important determinant of soil nutrient status in tem-

perate deciduous forests is past land use (former

agriculture vs. continuous forest; Flinn and Vellend

2005), which is accounted for in our analysis by our

determination of forest age. Future comparisons of

PAs and private forests in our region would ideally

measure soil nutrient levels and other soil factors that

could influence plant diversity. Finally, we note that

higher nitrogen levels in privately owned plots could

explain higher native plant diversity, but it would not

explain why private forests were more likely to

contain species of conservation concern, since the

vast majority of these species are not associated with

high nutrient levels in soil.

Regardless of the causal mechanism, our study

provides strong evidence for the importance of

privately owned forests in conserving plant diversity

on this fragmented landscape. Plots in PAs were more

often located in mature forest and tended to be

surrounded by more forest on the landscape. However,

once these factors were accounted for, privately

owned forests had higher native plant diversity, equal

average coefficients of conservatism, and a greater

likelihood of supporting one or more species of

conservation concern. This pattern may also occur in

other highly-populated regions, particularly where

natural habitat is fragmented, and private landowners

use these fragments in ways that have relatively low-

impact (e.g. selective harvesting of trees, nature

appreciation, or low-intensity grazing of grasslands).

Our results highlight the importance of conservation

programs, such as landowner incentive programs, that

foster and encourage the maintenance of natural

vegetation on private land. The designation of PAs is

a worthy goal and will remain a cornerstone of the

strategy to protect land from conversion to agricultural

or residential land use. However, evaluations of PA

effectiveness must control for the effects of landscape

context and land-use history, or the role of private land

in maintaining biodiversity may be underestimated.
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